High Solids Leachbed Anaerobic Digestion (HSLAD) is a biological waste treatment system that has been successfully demonstrated for solid waste treatment in terrestrial applications. The process involves a solid phase leachbed fermentation, employing leachate recycle between new and mature reactors for inoculation, wetting, and removal of volatile organic acids during startup. HSLAD also offers a potential option for treatment of biodegradable waste on long-duration space mission and for permanent planetary bases and would produce 1.5 kg of methane, 4.1 kg of carbon dioxide and 1.9 kg of compost daily from 7.5kg of biodegradable solid wastes generated daily from a crew of six. HSLAD can operate at low temperature and pressure and has the potential for being a net energy producer. A detailed analysis of this process was conducted to design the system size required for a space mission with a 6-person crew The mass, energy and water balance of the process and an equivalent system mass (ESM) analysis are presented.
INTRODUCTION
One of the prerequisites to a successful long duration space mission is the efficient and safe treatment of the waste produced by the crew. The waste stream not only can be deleterious to the crew because of the existence of pathogens or the concentration of toxic substances, but also includes many resources (water, nutrients, etc.) vital to the life support of the crew. So, the purpose of treating waste includes the reduction of waste mass, volume, odor, and toxic materials and the regeneration of inorganic nutrients. Because of the resupply constraints in long duration missions, waste treatment and recycle become a critical component to future long duration space missions.
In general, solid waste treatment includes collection, size reduction, conversion, and post-treatment. Processing technologies can be further divided into pre-and post-processing (PPP), and physicochemical (PC) and biological primary processing [14] .
PPP processes are used to separate and size reduction waste, reduce volume, prepare for primary processing system and further refine products. Some PC processes, including incineration, electrochemical oxidation, thermal destruction and pyrolysis can deal with most solid waste stream components and can accommodate very high feed rates, converting the wastes almost entirely to end products [1] . However, PC techniques often require significant power and heat rejection capabilities. Thus, as has been pointed out by numerous authors, PC is expected to be most suitable for intermediate durations (up to several years) [7] , not for long duration space missions (of the order of decades) where more nutrients contained in waste need to be recycled.
On the contrary, biological processes can efficiently recapture valuable nutrients contained in solid waste while providing a number of secondary functions such as oxygen production, carbon dioxide absorption and water purification. However, biological processes require high mass and volume investment to maintain adequate growth conditions for microorganisms. Also, retention times for biological systems are typically longer than PC systems. These characters make biological processes most appropriate for longer missions [7] .
This work is part of a project consisting of three parts: laboratory scale feasibility, system analysis, and prototype digester design and optimization. The laboratory scale feasibility work focusing on digester design and optimization is presented in a companion paper by Chynoweth et al. (2002) . This paper addresses the current design of the anaerobic digestion system, the integration with other station operations, and calculation of mass balance and equivalent system mass.
HIGH SOLIDS LEACHBED ANAEROBIC DIGESTION (HSLAD)

PROCESS DESCRIPTION
Like other composting methods, HSLAD is a solid state, self-heating microbial waste treatment process that yields a stabilized organic residue and recycles nutrients. Compared with other biological technologies, the HSLAD has advantages, including simple operation, low energy requirement, low temperature and pressure work condition, and a potential energy producer. [2] The HSLAD system involves three main phases: pretreatment, anaerobic digestion, and post-treatment.
Pretreatment
To improve treatment efficiency of HSLAD, it is necessary to pre-treat the solid waste generated by 6-person crew.
The biodegradable solid wastes, such as inedible plant biomass and paper, are collected, coarsely shredded to 2-5 cm, and then compacted to 300 kg-dw/m 3 .
Anaerobic Digestion
As shown in Figure 1 , the process involves three stages of digestion that occur sequentially as conversion proceeds. The waste does not get removed, but passes through the different stages. In Stage 1, after the shredded waste is placed into the new reactor, leachate will be recirculated between the mature reactor and the new reactor, providing nutrient and bacteria from the mature reactor to the new reactor and removing volatile organic acids from the new reactor. Fermentation products, such as volatile acids, formed during start-up are removed to the old reactor, where they are converted to methane. In Stage 2, the reactor is activated and leachate is recycled on itself. For the third stage, the reactor is recycled with a new stage for startup. The residence time of all three anaerobic digestion stages is 15 days [15] .
Post-treatment
After anaerobic digestion is completed, the remaining biodegradable and leachable solid wastes, which have been separated, are aerated for 1 day to remove lingering reduced compounds and dewatered to 50% moisture. During this aerobic step, the compost may be heated to 70 o C for one hour to insure kill of pathogens.
In practice, the HSLAD is a very stable waste management system, which has been proven by some successful applications of a variety of high-solids feedstock, including woody biomass, the organic fraction of municipal solid waste, and yard waste [3] The conversion efficiency is a function of the biodegradability of the feed components, ranging from 50-90% and the organic matters will be converted to methane, carbon dioxide, and compost with a residence time of less than 30 days. The process is resilient and can start up rapidly after being dormant for several months.
Future long-duration space missions could require crews to go beyond Earth-orbit for periods on the order of two to three years or more. Whether waste generated by crew can be treated safely and recycled efficiently or not is one of the limiting factors for long-duration space missions. The HSLAD process may provide bioregenerative solutions to other technical challenges of space missions including water reclamation, reformation of hydrogen and carbon, and air revitalization.
APPLIED WASTE STREAM
Waste produced during space missions can be classified into crew waste, life support system waste, and payload waste [14] . Crew waste includes metabolic wastes and related materials such as packaging, food containers, and wipes for housekeeping and personal hygiene, and trash. Life support system wastes are wastes generated by the Environmental Control and Life Support System (ECLSS) itself, and payload wastes are any wastes generated specific to a payload, such as animal metabolic wastes and plant remains. Table 1 shows the estimated results of a model for daily solid waste streams generated for a 6-person crew in Mars exploration mission. As shown in Figure 2 , the most significant components of waste are inedible plant wastes, packing materials and paper. Other solid waste may be expected from both the air and water processing operation. 
SIZING OF HSLAD
REACTOR VOLUME For a typical 15-day anaerobic digestion cycle (5 days for one anaerobic stage), every reactor contains 5-day solid waste generated by crew. So, the amount waste in each reactor is:
7.5 kg waste/day × 5 days = 37.5 kg waste ……………………………………… (1) After compaction, the density of the biodegradable wastes is 300 kg (dw)/m 3 .
Reactor volume (V) needed for waste:
Assuming the reactor is cubical-shaped, with a height to side ratio of 2 and it is necessary to add an additional 25% to the height for leachate distribution and collection, the practical dimension of the reactor can be calculated as followed: 
Pretreatment
Anaerobic Digestion WATER RESERVOIR VOLUME As shown in Figure 3 , two water reservoirs are used in the HSLAD system, which mainly provide the necessary leachate to amount to optimal moisture content, 70%. In addition, the reservoirs can serve as gas separators and replace water lost due to evaporation loss.
After the dry waste is compacted to 300 kg/m 3 , some water must be added for the anaerobic digestion, which leads to a wet density of approximately 1000 kg/m 3 .
For one reactor, the amount of water Because there are three anaerobic reactors in the HSLAD system, the total amount of water needed:
Assuming two reservoirs are the same size, each reservoir will be 0.13 m 3 with the same height as the reactor, 0.86 m, and the side length of reservoir is 0.39 m.
PUMP DESIGN
To recirculate the leachate from reservoir to reactor, pump must be used to provide energy. As calculated above, for one reactor, the required leachate volume is 0.0875 m 3 . Based on the operation experience, it is assumed that the total leachate recirculation volume per day is 10 times the required leachate volume, 0.0875 m 3 and the pumps work 20 minutes per 2 hours. So, the leachate recirculation flow rate is: According to Darcy's Law, the hydraulic head of leachate (h) can be calculated by:
This is the hydraulic head of water and can be converted to pressure:
So, 28.2 kPa pressure should be provided by pump A, shown in Figure 3 . For pump B, because it should provide two reactors energy, the pressure is double. P B = 56.4 kPa.
Energy
According to Energy Conservation Law, the energy required can be calculated as follows: 
MASS& WATER BALANCE ANALYSIS
ENERGY BALANCE ANALYSIS
Although electrical energy will be required to operate the bulk materials conveying system, the ventilation system, the odor control system, and the pumping system, the HSLAD process has the potential for being a net energy producer.
Biogas produced from the HSLAD process is quite similar to " natural" gas and contains lots of energy. The biogas has a lower calorific value than natural gas, approximately 22,248 kJ/cubic meter for biogas versus 40,789 kJ/cubic meter of natural gas. The energy containing in the biogas can be calculated as follow:
If additional energy conversion equipment and enough oxygen could be provided, the operation energy can be offset by the energy of the biogas. According to operation experience, the net energy produced by HSLAD is 85% of the biogas energy. The energy requirement for HSLAD operation equals to:
kJ……..(20)
As shown in Table 3 , the HSLAD process would produce 1.5 kg of methane, 4.1 kg of carbon dioxide, and 1.9 kg of compost daily from 7.5 kg of biodegradable solid waste generated daily from a crew of six. If there are enough oxygen exit, such as International Space System, the HSLAD system is a net energy producer.
INTEGRATION POTENTIAL ANALYSIS WASTEWATER RECLAMATION
One of the potential advantages of HSLAD is that it can pre-treat wastewater through reducing Biochemical Oxygen Demand (BOD), volatile organics, dissolved and suspended solids in wastewater. For any biological system, moisture plays a vital role in growth, metabolism, solute transport, and other functions. Moisture content can range from 55 to 70% for a solid-phase system, such as composting, and approximately 98% for an aqueous system. The optimal moisture content for the HSLAD operation is 70%, however, after shredding and compaction process in pretreatment, the moisture content of solid waste is less than 70%. The wastewater from clothes wash and dish wash would be used for the makeup water needed for the HSLAD conversion of solid waste. As calculated above, 17.5 kg waste water are needed to be added per day for HSLAD operation. The biodegradable components of the wastewater will be partially biodegraded during the anaerobic composting process making the process a coarse treatment operation for water recycling.
REFORMATION OF CARBON DIOXIDE AND HYDROGEN
A closed Advanced Life Support (ALS) system must include a CO 2 reduction subsystem to reduce carbon dioxide produced from crew respiration and combustion. Since the oxygen supply from plants is relative limited, especially in the space mission with low food closure, water could be electrolyzed to provide oxygen, but hydrogen will be produced as a byproduct. So it is desirable to develop a subsystem to reduce both CO 2 and H 2 .
HSLAD can provide a bioregenerative alternative for hydrogen oxidation using carbon dioxide as the electron acceptor.
The reaction is a well-known biomethanogenesis reaction and can be accomplished in the same reactor used for the proposed anaerobic stages of solid waste conversion.
BIOFILTRATION OF AMBIENT AIR
In the post-treatment of the HSLAD system, the remaining solids are treated with ambient air to oxidize reduced residues and damage pathogens in the compost. A possible use of compost is to absorb air contaminants, such as VOCs and NH 3 , because compost contains organic material and has a large surface area where microorganisms can attach and grow. When the ambient air passes through the compost, the compost can absorb particles and chemicals in ambient air and the microbial population in compost can degrade a wide array of VOCs Additionally, NH 3 can be captured and converted to nitrate through nitrification for return to a plant growth system [11] .
The compost biofilter can handle a wide range of loading rates with low mass, water, power and maintenance requirements and simultaneously remove many trace air contaminants.
PLANT GROWTH SUBSTRATE
Another potential use of HSLAD compost is as a nutrient-rich plant growth medium. Compost contains substantial amounts of inorganic nutrients vital for plant growth. Plants themselves can effectively extract nutrients that remain in the compost. Additionally, it is possible that any nutrients which are poorly extracted during short-term aqueous extraction methods will be recovered over the long term through direct extraction by the plant root system. [11] .
EQUIVALENT SYSTEM MASS (ESM) CALCULATION OF HSLAD
Equivalent System Mass (ESM) is a technique by which several physical quantities that describe a system or subsystem may be reduced to a single physical parameter, mass [9] . In 1999, ESM was selected as the basis of the NASA Advanced Life Support (ALS) Project Research and Technology Development Metric. The advantage of ESM analysis is that it allows the comparison of two life support systems with different parameters using a single scale.
ESM may be used to objectively evaluate different systems based on their mass, volume, power, cooling, and crew time requirement. The technology with the lowest ESM value is the most cost effective option for the mission being considered, provided the options have the same function reliability [13] .
The computation of ESM depends on the mission being considered. In the ALS Metric baseline, three missions are baselined; namely, low-earth orbit (LEO), Mars Transit, and Martian surface. The HSLAD would be considered the Mars Surface mission. To calculate the ESM of HSLAD, the operation parameters of HSLAD must be determined
MASS
Because of practical and budget limitations, the mass of the full-scale test unit under construction is expected to be more than 1000 lb. However, an actual system for space applications is anticipated to have a mass of less than 400 pounds (181 kg) with taking advantage of lighter, durable material.
VOLUME
The arrangement of five reactors and two water reservoirs is shown in Figure 5 . So, In general, the cooling requirement is 8 times as the power requirement because the anaerobic digestion is a exothermic process. So, the cooling requirement is 0.8 kW.
CREW TIME Based on practical operation experience, it is assumed that the crew time for operating the HSLAD system is 0.29 hr/person-wk.
The calculation of ESM for the HSLAD is shown in Table 4 .
In Table 5 , ESM assessments were made for Mars Planetary Missions. These calculations only represent the time independent costs as insufficient data exists of the technologies. From the result, the HSLAD system has a relative low ESM value, which indicates to some extend that HSLAD is a cost effective technologies.
RESEARCH NEEDS
Evaluation of HSLAD for reduction and stabilization of wastes during space missions is at the initial stage. Some areas that need to be researched to refine this analysis include:
• Design and operate for hypo-gravity The results of some of these needs are presented in another paper in this conference [18] .
CONCLUSIONS
High Solids Leachbed Anaerobic Digestion (HSLAD) uses a combination of solid phase fermentation and leachate recycle to provide a simple, reliable process that inoculates the new batch, removes volatile organic acids, and concentrates nutrients. It is not only operates at low temperature and pressure, but also can transform the biodegradable waste into resource without production of any noxious odors or pollution, and has the potential for being a net energy producer.
HSLAD system has a potential ability to integrate with other subsystems, such as wastewater treatment and carbon dioxide reduction system. With proper integration with other subsystems, it can effectively reduce the total equipment mass and improve the treatment efficiency of wastewater and air purification.
Compared with other biological waste process, HSLAD has the lowest ESM based on hardware only.
